. Similarly, the GST fusion protein of the Rhotekin Rho binding domain selectively binds the activated GTPbound form of RhoA, but not Rac or Cdc42 (Reid et al., 1996) . These probes have also been used in pull-down assays to test the selective activation of endogenous GTPases (Yamashita et al., 1999; Ren et al., 1999) . We generated GST fusion proteins of the GTPase binding domains (GBD-GST) of PAK, Rhotekin, and WASP. Consistent with published reports, we find that the GST fusion proteins of the GTPase binding domains of PAK, WASP, and Rhotekin selectively bind endogenous Xeno- 
Interaction between Rho GTPases
The experiments reported above indicate that GTPase binding domains of the effector proteins we used are specific to the given GTPase. This allowed us to test for potential crosstalk between different Rho GTPases. We assessed endogenous RhoA activity in animals expressing constitutively active or dominant-negative Rac and Cdc42. This experimental design should allow us to detect crosstalk as the activation of endogenous GTPases by overexpressed mutant forms of GTPases. Expression of constitutively active Rac increased RBD-GST binding in the transfected cells, while expression of dominantnegative Rac did not increase RBD-GST binding (Figures 2A and 2C ). To test whether the increased RBD-GST binding in RacV12 expressing neurons was due to increased activity of endogenous RhoA, we blocked RhoA by coexpression of C3, a toxin that selectively inactivates RhoA by ADP-ribosylation ( Figure 2B ). For this experiment, we quantified the intensity of RBD-GST binding by GST immunolabeling and expressed this relative to RacV12 expression, determined by myc staining. The increased RBD-GST binding in RacV12-expressing neurons (GST/myc staining: 5.22 Ϯ 0.94) was blocked Figures 3A-3C ). These data sugneuronal activity only in the opposite tectal lobe, the gest that activation of the RhoA pathway by LPA blocks postsynaptic component of which was blocked by glutaRac-mediated branch dynamics. This is consistent with mate receptor antagonists ( Figure 5B ). the idea that the relative amounts of activated GTPases Visual information is transmitted to the optic tectum control dendritic arbor morphology. The data also sugin bursts of action potentials ranging from 20-100 Hz. gest that the interaction between the RhoA and Rac
We used optic nerve stimulation to provide a more unipathways, as seen with the in situ binding assay, affects form activation of large numbers of retinotectal synthe relative levels of activated GTPases. Alternatively, apses than occurs with visual stimulation. We tested LPA could affect branch dynamics independently of whether unilateral optic nerve stimulation at 1 Hz, 5 Hz, Rac; however, we did not detect an effect of LPA treator 20 Hz for 5 min altered endogenous GTPase activity. ment alone on branch dynamics in our previous study
Optic nerve stimulation at 20 Hz significantly increased (Li et al., 2000) .
In Xenopus optic tectal neurons, decreased RhoA ac-PBD-GST binding in the stimulated tectal neuropil com- Figure 5I ). This indicates that Cdc42 activity is 5J and 5K). not significantly regulated by retinotectal input activity and further indicates that the enhanced PBD-GST bindDiscussion ing seen with optic nerve stimulation is due to increased Rac activity. These data indicate that Rac is activated, while RhoA is inhibited in the tectal neuropil following
The Rho family of small GTPases transduces extracellular stimuli into diverse cellular outcomes by regulating optic nerve stimulation. 
common targets has been established, the inability to monitor endogenous Rho GTPase activity in intact tissue has made it by multiple Rho GTPases (Bishop and Hall, 2000) or from the regulation of one Rho GTPase by another. We difficult to identify the signals that regulate Rho GTPases in intact organisms. To address this issue, we developed found that Rho GTPases can regulate the activity of other Rho GTPases (Figure 6). RhoA activity is increased an in situ method to measure Rho GTPase activity in intact tissue. Using this method, we found evidence
by activated Rac and inhibition of Cdc42, while Rac is inhibited by activation of RhoA. Furthermore, we found for complex crosstalk between Rho GTPase signaling pathways in intact brain (Figure 6 ), which appears to that the crosstalk we observed with the biochemical assay relates to morphological changes in tectal cell occur through the regulation of Rho GTPase activity, rather than through modification of activity of downdendritic arbor development. Rac regulates dendritic branch dynamics in tectal cells (Li et al., 2000) . Exposing stream effectors. Furthermore, crosstalk between Rho GTPases within growing dendritic arbors appears to animals to LPA, an activator of RhoA, suppressed Rac activity as detected by the in situ assay and prevented affect arbor elaboration. Finally, by using this in situ assay, we present evidence that endogenous Rho Rac-induced increase in branch dynamics. Therefore, data from the in vivo time-lapse imaging and in situ Rho GTPases are regulated by neuronal activity in the intact animal.
GTPases assay are consistent with the idea that Rho GTPases cooperate to control neuronal morphology. 2000) . This cooperation could occur through parallel is consistent with the idea that neuronal activity through activation of glutamate receptors regulates activity of vates RhoA. Therefore, the effect of optic nerve stimulation in decreasing RhoA activity is further regulated Rho GTPases to promote dendritic arbor growth.
An important question regarding the crosstalk beDetection of Rho GTPase Activity In Vivo
These in situ measures of GTPase activity reflect the through a negative feedback from Rac to RhoA. Similarly, increased Rac activity detected by the in situ assay net activity of the GTPases and therefore the outcome of crosstalk between the GTPases. For instance, optic could occur partially in response to optic nerve stimulation and secondarily in response to stimulation through nerve stimulation decreased RhoA activity, which activates Rac through crosstalk. Activated Rac in turn actiRhoA inhibition.
to synaptic activity. A similar mechanism, based on tight cross regulation of GTPase activities, might be used in other growth factor signaling pathways. Extracellular signals can achieve diverse structural outcomes by differentially regulating Rho GTPases directly and by further modifying the differences in activity levels through crosstalk between Rho GTPases. Therefore, Rho GTPases not only transduce, but also integrate, the growth regulatory signals for neuronal morphogenesis. 
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